Abstract -Understory light is crucial to understand forest ecology but there is scant information for Mediterranean forests. Understory light of an abandoned Holm oak (Quercus ilex L.) woodland was studied in central Spain by means of hemispherical photographies in a 30 × 30 grid of 1-m 2 points. Canopy height, stem density and basal area had a significant influence on understory light. Height exhibited the most significant correlation, with indirect light. However, its potential as a predictor of understory light was low due to the large fraction of unexplained variance. Sunflecks contributed to half of the understory light; they were intense and long (25 min), and 10 min shorter at the herb than at the shrub layer. Mean light availability in the understory was half of that in the open and it exhibited a significant spatial heterogeneity. Spatial grain was significantly coarser for indirect than for direct light; it was also coarser at the herb than at the shrub layer, indicating that while a single individual shrub exploits light heterogeneity via phenotypic plasticity at the shrub layer, different individuals or micropopulations exploit it at the herb layer. Abandonment of traditional management of Holm oak woodlands leads to a decrease in both the availability and the spatial heterogeneity of understory light.
INTRODUCTION
Spatial and temporal variation of understory light has been widely accepted as an essential factor for understanding forest ecology and dynamics [9] . Quantitative measurements of understory light are crucial to understand morphological and ecophysiological adaptations to forest environments [47] , and to evaluate the role of light in determining the spatial structure and dynamics of plant populations [4] and many aspects of animal behaviour [2, 52] . Awareness of environmental heterogeneity and its consequences appeared early in the history of ecology but renewed interest on scales and patterns of heterogeneity has arisen as the consequence of the change from * Corresponding author: valladares@ccma.csic.es the simplifying assumptions of homogeneity and equilibrium of the 1960's to the incorporation of heterogeneity into theory to increase realism and predictive power [48, 53] . Recent empirical studies have provided further support to the importance of including environmental heterogeneity in general and light heterogeneity in particular in the research of plant community processes [4, 26] .
Spatial and temporal heterogeneity of light in forest stands is primarily influenced by the structure of the canopy since understory light is both a cause and an effect of forest dynamics [31, 33] . Numerous studies have pointed out that high levels of species diversity can be maintained by the light heterogeneity generated via treefall gaps [9, 44] , which suggests that a forest management enhancing spatial heterogeneity of light may lead to an enhanced biodiversity. But many uncertainties to this respect still remain, particularly in forests from the Mediterranean region [48] , where the number of studies describing understory light (e.g. [22] ) is remarkably lower than that of moist temperate and tropical forests (e.g. [8] ).
The present study explores the effect of land use change on the canopy structure and the understory light of a Holm oak woodland in central Spain. The woodland studied had two distinct zones, one where the original woodland structure dominated by a few individual Holm oak trees was still apparent, and another one dominated by shrubby Holm oaks and rockroses (Cistus ladanifer L.), which has been affected by fire in recent decades (Fig. 1) . Some minor recreational activities are currently taking place in the area together with marginal livestock grazing, an increasingly common situation in the rural areas of Southern Europe. The first objective of the study was to describe mean light availability and spatial structure of light at the shrub and herb layers (1.2 and 0.3 m height respectively) in each of the two zones of this Holm oak woodland by means of hemispherical photography. By exploring the spatial autocorrelation of understory light in the two layers we wanted to unveil the scale of the heterogeneity of light and to estimate whether it affects individual plants or groups of plants. The second objective of the study was to explore the relationships between canopy features such as height, stem density or basal area, and understory light. Quantitative relationships between the structure of the canopy of a particular type of forest and its understory light open the door for the estimation of understory light at mid-to-large scales, an issue of great potential applications [14, 46] .
MATERIAL AND METHODS

Study area and experimental design
The selection of the study plot was crucial because intensive measurements could only be carried out in one plot. General features of 14 Holm oak forests and woodlands of the Western Mediterranean basin were compared before selecting a zone for intensive measurements of canopy structure and understory light. This preliminary analysis revealed that canopy height decreased and basal area increased with stem density, the latter being low or medium under traditional management and high when woodlands are abandoned (results from 400-2700 sampling plots in the Spanish provinces of Madrid, Cádiz, Málaga, Huelva, Almería, Córdoba, Jaén, Sevilla and Granada -National Forestry Inventory -, and mean values reported for Gardiole de Rians, France [30] , La Bruguiere, France [15] , Riofrío, Segovia, Spain [45] , Maremma National Park, Italy [34] , La Castanya, Spain [19] , and Prades, L'Avic, La Teula and B. Tornés, Spain [21, 42] ). The area between 40
• 29' -40
• 32' N and 3
• 41' -3
• 47' W within the province of Madrid (Spain) included Holm oak formations spanning from open woodlands to closed forests with basal area, canopy height and stem density values within the range observed for these formations in the Western Mediterranean basin. Thus, the study area was found to be representative and suitable for the study. Since the goal of the study was to explore the effect of the abandonment of traditional woodland management on canopy structure and understory light we surveyed 60 zones within this area that experienced this abandonment in recent decades. Then, canopy height, used as a quick indicator of canopy structure, was measured at 6 m intervals in 30 m transects randomly established in each of these 60 zones. The final selection of the study plot resulted from the simultaneous consideration of the following criteria: (i) representative canopy structure, estimated by height, (ii) relatively flat surface to avoid moisture and nutrient gradients, (iii) existence of shrub and tree dominated patches, (iv) presence of the characteristic and dominant plant species, (v) absence of symptoms of soil degradation, pollution, erosion, (vi) no influence by roads, trails or any kind of human construction, (vii) no influence by rivers or creeks. In this site 900 sampling points were selected in a 30 × 30 m plot at 1 m intervals. The selected plot presented a zone dominated by relatively large Holm oak trees and a zone dominated by shrubs (Fig. 1) , which resulted in significant differences in many of the statistical analyses.
Canopy structure and tree architecture
Maximum canopy height, total number of stems, and stem diameter of stems ≥ 1 cm were measured at each of the 900 sampling quadrats. Canopy height was measured with a measuring tape when it was ≤ 2 m; height was estimated as in Korning and Thomsen [27] for heights > 2 m. Basal area and stem density were calculated with these data. Ten individual trees of Quercus ilex were selected at random to characterize their main architectural features by measuring stem diameter at breast height, height of the crown base and tree height, maximum diameter of the horizontal projection of the crown and its perpendicular diameter.
Hemispherical photography and understory light variables
Light availability at each sampling point was quantified by hemispherical photography, a widely accepted technique for exploring forest structure and understory light conditions [13, 37, 40] . Comparisons of methods revelead a good accuracy of hemispherical photography for the description of understory light availability particularly in heterogenous sites with a high number of gaps [5] . Photographs were taken in the center of each of the 900 1-m 2 sampling quadrats at two heights: 1.1-1.3 m above the ground, corresponding to the mean height of most shrubs (referred to as shrub layer hereafter) and 0.3 m above the ground, corresponding to the mean height of the understory and gap herbs (referred to as herb layer hereafter). The 1800 photographs were taken using a horizontally-levelled digital camera (CoolPix 995, Nikon, Tokio, Japan), mounted on a tripod and aimed at the zenith, using a fish-eye lens of 180
• field of view (FCE8, Nikon). Digital photography has been shown to render even better results than traditional methods using films and analog technologies [17] . Photographs were analysed for canopy openness using Hemiview canopy analysis software version 2.1 (1999, Delta-T Devices Ltd, United Kingdom). This software is based on the program CANOPY [37, 38] . Photographs were taken under homogenous sky conditions to minimize variations due to exposure and contrast, and they were analysed by a single person following always the same protocol for classifying and tresholding. Two estimates of errors (taking five photographs ten different times and processing the same five photographs ten different times during the analysis) revealed a noise of 4-5% and an adequate repetitivity of the results.
The direct site factor (DSF) and the indirect site factor (ISF) were computed by Hemiview accounting for the geographical location of the site. These factors are estimates of the fraction of direct, and diffuse or indirect radiation, respectively, expected to reach the spot where the photograph was taken [1] . The hemispheric distribution of irradiance used for calculations of diffuse radiation was standard overcast sky conditions. A total of 160 sky sectors were considered resulting from 8 azimuth times 20 zenith divisions. Other variables estimated from each photograph with Hemiview were effective leaf area index (LAI eff ), ground cover and visible sky. Values of LAI eff were found by Hemiview, which produces the best fit to the actual gap fractions measured from the hemispherical photograph. Calculation of LAI eff by Hemiview involves use of Beer's Law, which can be expressed as follows:
where G is gap fraction, and K(θ) is the extinction coefficient at zenith angle θ. LAI eff estimated by the inversion process may not be an exact measure of the LAI of the real canopy. Indirect calculations of LAI, such as those conducted by Hemiview, assume a random distribution of canopy elements, such that gap fraction should be observed for a small enough annulus that randomness can be assumed. LAI calculated in this manner is termed effective LAI (LAI eff ), since it does not account for non-random distribution of foliage and includes the sky obstruction by branches and stems. Effective leaf area index (LAI eff ) was estimated as half of the total leaf area per unit ground surface area [12] , based on an ellipsoidal leaf angle distribution [7] . Ground cover (GndCover) was defined as the vertically projected canopy area per unit ground area. It gives the proportion of ground covered by canopy elements as seen from a great height, and is calculated assuming the canopy displays an ellipsoidal distribution
where K(x,0) is the extinction coefficient for a zenith angle of zero, x is the ellipsoidal leaf angle distribution. VisSky is an overall proportion of the sky hemisphere that is visible, which is calculated as follows: VisSky = ΣVisSkyθ, α (3) where VisSkyθ, α is the proportion of visible sky in a given sky sector with zenith angle θ, and compass angle α relative to the entire hemisphere of sky directions.
Hemispherical photographs were also used for the estimation of sunflecks (i.e. quick and significant increases of photosynthetically active radiation due to at least some direct sunlight added to the low intensity background understory diffuse light) near the spring and autumn equinoxes, more precisely for the 10th of April and October, the latter within the period of data collection in the field. Number of sunflecks per day and their mean duration were registered, and the percentage of total radiation received as sunflecks was calculated as %PPFD received as sunflecks = 100ΣQ int,sunflecks /GSF Q int,open (4) where Q int,sunflecks is the total integrated photosynthetic photon flux density (PPFD) received by a given sunfleck, GSF is the global site [24] . Diffuse light was assumed to contribute with 10% of the total radiation for the calculation of GSF, which is a good estimate for clear days under a range of atmospheric conditions [39] .
Spatial heterogeneity analyses and statistics
Spatial heterogeneity in three canopy architecture and six hemispherical photography variables was explored in the two forest layers and in the two zones of the plot by means of variograms, correlograms and interpolated maps using the software GS+ 5.0 (Gamma Design Software, Plainville, Michigan, USA). Spatial autocorrelation, or distance dependency, was modeled by fitting a semivariogram function to an empirically obtained semivariogram. This empirical semivariogram was obtained by plotting half of the squared difference between two observations (the semivariance) against their distance in space, averaged for a series of distance classes [25, 29] . A simple semivariogram model is defined by the parameters sill (the average half squared difference of two independent observations), nugget (the variance within the sampling unit, in our case the 1-m 2 quadrats), and range (the maximum distance at which pairs of observations will influence each other, taken here as the distance at which the function has reached 95% of the difference between sill and nugget) [51] . Spatial structure for a given variable can be estimated by (sill-nugget)/sill, which reflects the spatially dependent predictability of the property [18] . In our study, best fit of the semivariogram function was obtained with a lag class distance, which defines how pairs of points will be grouped into lag classes, of 1.28 m. The active lag distance (i.e. the distance over which semivariance is calculated) was set as 70% of the maximum lag distance (42 m) between two sampling points in the study to eliminate border effects and discard values with a low number of pairs of data points. Spatial autocorrelation was quantified by Moran's I coefficient [29, 32] . This analysis produces a correlogram, a spatial structure function describing the change in autocorrelation with increasing distance between sampling points. Moran's I coefficient generally varies from -1.0 indicating negative correlation, to +1.0 indicating positive correlation between means that are a given distance apart. Significance of the Moran's I coefficient was calculated with Moran.exe (Richard Duncan 1990, for more details see [16] ).
Semivariograms calculated by GS+ were modeled with authorized (e.g. spherical, exponential, Gaussian) isotropic models, and were used to produce continuous maps based on real data and predictions for unsampled locations using ordinary kriging [25] . In our case, interpolation was done using a uniform grid, by block-kriging with a local grid of 2 × 2. Two-way ANOVA was used to test for significant differences in the target variables between the two forest layers and the two zones of the plot. Pearson correlation coefficients and their significance were used to analyze the relationships between canopy architecture and hemispherical photography variables. In order to explore whether the sampling points to the South of the target point influenced the estimations of the hemispherical photography variables, correlations between canopy architecture variables obtained in each 1-m 2 sampling point and the mean values of this point and the three points to South for the hemispherical photography variables were also calculated. Linear regression analysis was applied for the highest and most significant correlations to obtain potential estimations of understory light (ISF and DSF) from canopy architecture parameters. All statistical analyses were performed using STATISTICA 5.0 (Statsoft, Incorporated, Tulsa, Oklahoma, USA).
RESULTS
Canopy structure and understory light in two strata and two zones
The Holm oak woodland studied was on average short (mean height of 2.4 m, mean height of individual Holm Mean radiation in the understory of the plot was ca. 50% of that available in the open for both direct (DSF) and indirect radiation (ISF, Tab. II). Both canopy structure and available radiation differed between herb (30 cm) and shrub layers (1.1-1.3 m). Cover and LAI eff were significantly different between the layers, being higher in the herb than in the shrub layer, while the reverse was true for most of the understory light parameters (Tab. II). Canopy structure and understory light were also different in the tree-dominated vs. the shrub-dominated zone, besides height, which was the criterion for differentiat- ing the two zones. Basal area was higher in the tree-than in the shrub-dominated zone, while stem density was higher in the shrub-dominated zone (Fig. 2 , Tab. III). Cover and LAI eff were higher in the tree-dominated zone but only at the shrub layer, since the trend was reversed at the herb layer (Tab. III). As a consequence of this, both ISF and DSF were lower in the tree-dominated han in the shrub-dominated zone at the shrub layer, while the reverse was true at the herb layer.
Sunflecks estimated for a clear day near the equinox contributed half of the total daily radiation available in the understory and were rather long (25 min). The number of sunflecks and their relative contribution to the total understory radiation was similar in the two layers, but sunflecks were on average 10 min shorter at the herb layer (Tab. II). Sunflecks were more abundant in the tree-dominated zone but only at the shrub layer since no differences were found at the herb layer. The contribution of these sunflecks to the total daily radiation of the understory was lower in the shrub-dominated zone than in the tree-dominated zone but only at the herb layers (Tab. III).
Relationships between canopy structure and hemispherical photography variables
Correlation between canopy structure and understory light was enhanced by considering the two zones (tree-and shrub dominated) separately, particularly in the case of basal area. Canopy height was the canopy structural variable that exhibited the most significant correlation with understory light and with other variables estimated with hemispherical photography. The highest correlation was obtained for height and cover.
Correlations between height and hemispherical photography variables were higher at shrub than at herb layer, while the reverse was true for the stem density (Tab. IV). Correlation between height and understory light was higher in the tree-zone where the height range was higher. Even though all regressions between height and understory light were significant, the fraction of variance explained by height was modest and different in each case. The most robust regressions (r 2 > 0.3) were found for indirect light, being always higher in the treedominated than in the shrub dominated zone, and at the shrub than at herb layer (Tab. V). The usage of 4 m 2 sampling points instead of 1 m 2 for the canopy structural variables by including the three sampling points to the South of a given point improved the correlations in all cases, particularly the correlation between height and direct light (DSF, Tab. V).
Spatial heterogeneity of the canopy and the understory light in two strata and two zones
Most variables exhibited a good fit (r 2 from 0.63 to 0.99) to the theoretical semivariogram models, which indicated that a general and significant spatial structure of the variables studied was captured by the 1 m 2 grid used. Autocorrelation at 1 m lags was high and significant for all variables except for basal area. Significant differences in the spatial structure were found between the two layers of the woodland, with better fit to the models at shrub than at herb layer (Tab. VI, Figs. 3  and 4 ). Semivariance and autocorrelation values for range distances larger than 20 m can be influenced by border effects and Letter code indicate significant differences (ANOVA, p < 0.05) between the two forest zones.
thus should be taken as tentative. The shrub layer exhibited greater spatial structure than the herb layer for most variables, particularly for those related with understory light (Tab. VI, Fig. 4 ). Spatial heterogeneity of light had a coarser grain for indirect (ISF) than for direct light (DSF), which was revealed by a longer range for ISF than for DSF (19.8 vs. 10.2 m respectively) and a higher autocorrelation at 4.5 m (0.2 vs. 0.1 respectively, Tab. VI). The range of the semivariogram was 4-7 m for variables with r 2 > 0.9 at the shrub layer while it was notably larger at the herb layer, even larger than the size of the plot for variables like canopy height or basal area (Tab. VI). Autocorrelation was higher in general at the herb than at the shrub layer, and while all variables exhibited a low (0.1-0.3) but significant autocorrelation at 4.5 m at the herb layer, only LAI eff and ISF exhibited a significant autocorrelation at 4.5 m at the shrub layer.
The geostatistical study of the plot for each of the two zones separately rendered improved fits of the semivariogram models and a higher spatial structure of the variables than the study of the plot as a whole (Tabs. VI and VII). This was particularly clear in variables like the duration of sunflecks. The tree-dominated zone had a greater spatial structure and a higher autocorrelation than the shrub-dominated zone (Tab. VII, Fig. 4 ). The range of the semivariogram was shorter in the tree-dominated zone, especially in the case of understory light variables.
DISCUSSION
Understory light of Holm oak woodlands
Management and water availability are the two most important determinants of mean light availability in the understory of Mediterranean forests, but current understanding of their precise influence on understory light is very poor [41, 43, 48] . From the few studies in Mediterranean ecosystems, it can be concluded that the understory of mature forests when water limitations are not severe can be as dark as that of other temperate or tropical forests, with understory photosynthetic photon flux density (PFD) ranging from 2 to 7% in Spanish and Italian old growth Holm oak forests having leaf area indexes (LAI) around 4 m 2 m −2 [20, 22] . The understory of the Holm oak forest studied here was about one order of magnitude brighter than that from those old growth forests, with a mean 50% of transmitted PFD (Tabs. II and III), due at least in part to a lower LAI (LAI eff ca. 1 m 2 m −2 ). The Holm oak formation studied here was not a mature, old growth forest, but a relatively short and open woodland with scattered individual trees intermixed with shrubs. This is a very common kind of vegetation in many current Mediterranean ecosystems, where abandoned woodlands and shrublands develop in the absence of too frequent or intense perturbations towards still not welldefined Holm oak forests [6] .
Another distinctive feature of the understory light of the studied Holm oak woodland was the long duration and high intensity of sunflecks (Tab. II). Even though the fraction of understory light provided by sunflecks (ca. 50%) was only slightly lower than that for other temperate and tropical old growth forests, their physiological implications could be very different. Understory light in those old growth forests is very scant (< 10% and even < 5% [4, 8, 53] ), and sunflecks are short and of moderate intensity so they are used in photosynthesis very efficiently [35, 49] , positively influencing survival and performance of understory plants [10, 36] . But sunflecks in the understory of the studied Holm oak forest were very intense, approaching full sunlight intensity in the open, and very long (20-30 min vs. few s in mature, old growth forests [11] ). These two features make the photosynthetic exploitation of sunflecks by understory plants very inefficient. In fact, long and intense sunflecks can lead to severe photoinhibition, since the extent of photoinhibition is proportional to the light dose [50] .
The different spatial scales of light heterogeneity at each of the two layers studied, with a range of the semivariogram of 5 m for the shrub layer and of 10-20 m for the herb layer, could have important functional implications. The fine-grained light heterogeneity at the shrub layer together with the large size of individual plants indicates that this heterogeneity is mainly exploited by different leaves of a given individual by means of phenotypic plasticity. In contrast, the coarse-grained light heterogeneity at the herb layer together with the small size of individual plants indicates that this heterogeneity is exploited by different micropopulations. Our study reveals that abandonment of traditional management of Holm oak woodlands and the corresponding increase of shrub cover leads to a decrease in both the availability and the spatial heterogeneity of understory light, but more research efforts are needed to understand causes and consequences of changes in understory light in Mediterranean forests if we are to predict and mitigate the effects of global change on the regeneration and dynamics of these forests.
Canopy structure and light interception: potentials for indirect estimates of understory light
Quick and easy estimates of understory light are of great potential for forest management since light determines many functional processes and it is directly affected by most silvicultural practices [3, 23, 46] . Since canopy structural features determine light penetration, understory light can be estimated by quantifying some of these features and both theoretical and empirical studies have been carried out in this direction for more than four decades [1] . However, previous studies in tropical forests have revealed a poor agreement between architecture of dominant trees and understory light [5, 31] . In our case, despite the significant correlation of direct and indirect light with vegetation height (Tab. VI), the regression models examined were not very robust. Although the forest canopy studied here is rather simple, only indirect radiation (ISF) could be reasonably well estimated as a linear function of canopy height, although only in the tree-dominated zone of the plot (Tab. V). The value of canopy height as an estimator of understory light in forests similar to the one studied here relies on the simplicity of its determination but not on the accuracy of the estimations of understory light that can be obtained. The incorporation of other canopy features (e.g. leaf angle distribution, leaf and branch clustering) is likely to increase significantly the accuracy of the estimation of understory light based on canopy structure, but the advantages of this regression approach when compared with hemispherical photography itself are likely to vanish due to the large efforts needed to determine these features. Other variables such as basal area could also be used for the estimation of understory light, but pilot studies are needed to determine the best protocol and sampling scale and density.
The inclusion of the three neighbor points situated immediately to the South of the target point significantly increased the correlation of vegetation height and understory light (particularly direct light, DSF), suggesting that pilot studies are necessary to adjust the size and relative position of the area to be sampled in each case. The size of this area and the agreement between structural variables and understory light is specific for each forest due to the varying influence of canopy height and complexity, and latitude as shown elsewhere [14, 28, 31] .
